The NO 2 photodissociation threshold has been observed by laser induced fluorescence in a jet at 25 128.57Ϯ0.05 cm Ϫ1 . The unexpected high vibronic level density of 2.7 levels/cm Ϫ1 is tentatively attributed to long range interactions between the NO ͑ 2 ⌸ 1/2 ͒ and O͑ 3 P 2 ͒ products. The energy spacing and intensity distributions indicate rovibronic chaos. © 1996 American Institute of Physics. ͓S0021-9606͑96͒02627-X͔ The photodissociation of the NO 2 molecule just above the threshold is now well documented. [1][2][3][4][5] These studies bridge the gap between the spectroscopy of bound states below the threshold and the resonances lying just above this limit. The width of these resonances can be related to the dissociation rate at higher energy. [3][4][5] [6] [7] This paper deals with two aspects: the energy of the photodissociation threshold and the level density below this limit.
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2 O 2 decomposition. The second determination, 25 112Ϯ20 cm Ϫ1 by Eberhardt and Renner, 9 comes from the breaking-off of the magnetic rotation spectrum. The third determination, 25 125Ϯ7 cm Ϫ1 by Douglas and Huber, 10 comes from the observation of the last sharp line in high resolution absorption NO 2 spectrum.
In 1980, Chen et al. 11 measured the photodissociation energy threshold D 0 by laser induced fluorescence ͑LIF͒. They used a supersonic jet expansion which allows to cool the rotational degree of freedom down to a few Kelvin. For energies lower than D 0 , the dense set of bound states can be detected by LIF because they have a typical lifetime of few sec. In contrast, above D 0 , the resonant states do not fluoresce because their lifetime ranges between nsec and psec. We will see that this reduction of the lifetime by more than four orders of magnitude is very abrupt. This means that there is no tunneling effect, i.e., no barrier of dissociation, at least for the states with very low angular momenta.
Since 1980, four laser experiments 1-3,12 ͑listed in Table  I͒ using a supersonic jet have been performed at higher laser resolution and/or lower rotational temperature. Moreover, three of these experiments have demonstrated that the NO product is formed only in its lowest state just above the threshold. These observations confirm the absence of a barrier.
It is interesting to note that the low resolution absorption cross section has a bell shape centered around 25 000 cm Ϫ1 and a FWHM of about 10 000 cm
Ϫ1
. This shape can be easily interpreted with the reflection method. 13 The coincidence between the limit of dissociation and the maximum of the absorption cross section is fortuitous and very favorable for spectroscopic experiments.
In this paper, we present a very accurate observation and measurement of the photodissociation threshold D 0 owing to the high resolution of the LIF technique combined with a supersonic jet. Below the threshold located at 25 128.57 Ϯ0.05 cm Ϫ1 ͑see Figs. 1 and 2͒, the states are bound and they can only decay by fluorescence. Their radiative lifetime is about a few sec. Above the threshold, the resonant ͑or quasibound͒ states can decay by dissociating within typically 0.1 nsec ͑more than four orders of magnitude faster than the radiative process͒: no fluorescence can be detected but, instead, the NO molecule and/or the O atom can be detected.
1-3
From D 0 and the zero-point energy of NO 2 1869.45 cm Ϫ1 ͑see uncertainty of the position of D 0 on the LIF spectra ͑see Fig. 1͒ . The NO 2 molecules ͑ 14 N 16 O 2 ͒, diluted ͑0.1%͒ in He, are cooled in a supersonic jet expansion. The nozzle diameter is 400 m and the stagnation pressure is 3 bars. The resulting rotational temperature is 1.2 K. Perpendicular to the jet and the laser beam, we observed the fluorescence with a photomultiplier through a slit, which reduces the ͑residual͒ Doppler width down to 120 MHz. 14, 16 We checked that the relative intensities of the lines in our LIF spectrum do not depend on the distance in the jet between the laser beam and the region where the LIF is observed; this means that there is an abrupt decrease of the lifetime by several orders of magnitude.
A description of the NO 2 bound energy levels below the dissociation is necessary in order to characterize the observed LIF spectrum. At room temperature the rotational congestion forbids any analysis above about 13 500 cm Ϫ1 . 17, 18 Owing to the rotational cooling of supersonic jets, it has been possible to resolve the rotational structure up to the limit of dissociation 14, 16, 19, 20 and to interpret the experimental observations as follows: The complexity and the high density of the jet cooled visible spectrum of NO 2 is mainly due to the strong vibronic interaction between the highly excited vibronic levels of the ground electronic state (X 2 A 1 ) and the isoenergetic vibrational levels of the first electronically excited state (Ã 2 B 2 ). As a result, the observed ͑i.e., optically bright͒ density of vibronic levels is the sum of the two above-mentioned contributions. 14, 20 Below about 20 000 cm Ϫ1 there are numerous additional rovibronic interactions which perturb the energy levels, 14, 19, 20 and, above about 24 000 cm Ϫ1 , these interactions are so strong that all the states Jϭ1/2 and Jϭ3/2 ͑see below͒ with the same overall rovibronic symmetry A 2 can be observed. 19 This leads to the fact that six R 0 lines are expected ͑on average͒ for each vibronic level of 2 B 2 symmetry 19 ͑see below͒. At low temperature ͑1.2 K͒ these R 0 lines are about one order of magnitude stronger than the P 2 and R 2 lines. Moreover, the R 0 lines are easy to recognize because of their line shape: they are composed of two resolved hyperfine components split by 221 MHz and having a constant 1 to 2 intensity ratio [16] [17] [18] [19] [20] [21] ͑see Fig. 1͒ . We deduced that the hyperfine structure of the Jϭ1/2 and Jϭ3/2 upper levels remains very weak 21 up to the limit of dissociation. Furthermore, we observed that the P 2 lines exist only up to 25 126.04 cm
Ϫ1
, i.e., 2.53 cm Ϫ1 below D 0 . The shift of 2.53 cm Ϫ1 is the energy difference between the levels Nϭ0, Kϭ0, and Nϭ2, Kϭ0 in the ground state. This confirms that the energy of dissociation does not depend on the optical transition which is considered. Furthermore, in the range from D 0 Ϫ2.53 cm Ϫ1 to D 0 , the LIF spectrum is a pure energy spectrum of levels Jϭ1/2 and Jϭ3/2 because only the transitions occurring from the Nϭ0, Kϭ0, Jϭ1/2 rotational level of the ground state can be observed by LIF in this range.
As displayed on Fig. 2 , 41 R 0 transitions have been observed between D 0 Ϫ2.53 cm Ϫ1 and D 0 ͑in this range, the counting of R 0 lines is very reliable due to the absence of P 2 lines, R 2 lines, etc.͒. The dynamic range of intensities is larger than 3 orders of magnitude ͑see Fig. 2͒ .
In principle, these 41 R 0 transitions can be assigned with the J quantum number of the upper level (Jϭ1/2 or Jϭ3/2) owing to the line shape of the corresponding P 2 lines ͑see Fig. 1 of Ref. 16͒. Unfortunately, many of these P 2 lines are either too weak or blended with other R 0 lines, and only few assignments were possible. However, the ratio of the numbers of Jϭ3/2 R 0 lines and Jϭ1/2 R 0 lines has been measured between D 0 Ϫ500 cm Ϫ1 and D 0 Ϫ100 cm
, where the density of R 0 lines is about five times weaker ͑see below͒. As a result, this ratio is close to 2. At lower energies, this ratio decreases smoothly, down to nearly 1 in the near IR. 20 So, we will assume that the ratio of R 0 lines Jϭ3/2 and . This density is about five times larger than expected from the two model calculations of Tosseli and Barker 22 and Troë, 23 or the extrapolation of Georges et al. 14 This unexpected large vibronic density has already been noted 3, 12 and is important for the calculation of the average dissociation rate, when using the RRKM theory 7, 24 or the S.A.C. model. 25 The understanding of the origin of this large density of vibronic levels necessitates the knowledge of the evolution of this density as a function of energy below D 0 . Our preliminary results show that the level density deviates significantly ͑when compared with the model calculations͒ only above D 0 Ϫ15 cm
. This leads to the following tentative interpretation: the long range interactions between NO and O ͑dipole-quadrupole, quadrupole-quadrupole͒ contribute to the long tail of the potential energy surface ͑PES͒ which converges towards D 0 , and increase significantly the phase space volume and the corresponding density of states. Note that the three abovementioned models 14, 22, 23 do not take these long-range interactions into account.
The PES of NO 2 near the dissociation energy has been studied by ab initio calculations and/or by analytic models by Wardlaw and Marcus, 7 by Klippenstein and Radivoyevitch 6 and by Katarigi and Kato. 26 These authors have studied the 2-3.5 Å range for the O-NO distance: as the long-range interactions compete with valence bond interactions only for distance larger than about 3.5 Å, the effect of these long-range interactions is not well taken into account. Note that at 3.5 Å, the bonding energy is of the order of 50 or 100 cm
, while the abrupt increase of density of state occurs only within 15 cm Ϫ1 below D 0 . We present on Fig. 3 the nearest neighbor spacing distribution ͑NNSD͒ of our set of 41 levels. The superimposed smooth curve corresponds to the expected NNSD when two independent subsets ͑one for Jϭ1/2 and one for Jϭ3/2͒ are superimposed 27 with relative weights of 1/3 and 2/3. The distribution of the line intensities is shown on Fig. 4 . The agreement with the Porter-Thomas distribution, which is expected for a chaotic system, 28 is very satisfactory. The estimated number of missing transitions ͑the very weak transitions are located in the tail of the distribution͒ is of the order of 1 or 2; this means that our experimental set of 41 transitions contains about 96% of the total number of transitions, if the true distribution is close to Porter-Thomas.
Our number of 41 observed transitions should be compared with the 26 transitions observed in the same range by Miyawaki and Tsuchiya 3 and the 29 transitions observed by Ionov et al. 12 in their Fig. 4 . The additional transitions were observed owing to a better resolution ͑five times better than Ionov et al.
12
͒ and a better signal to noise ratio ͑approxi-mately 10 times better͒. Although our set is limited to only 41 levels, Figs. 3 and 4 seem to confirm the chaotic behavior of the rovibronic levels of NO 2 below the limit of dissociation. Work on the abrupt increase of the density of states below the dissociation energy is in progress. FIG. 3 . Nearest neighbor spacing distribution ͑NNSD͒ for the R 0 lines of Fig. 2 . The solid curve is the theoretical prediction for a superposition of two independent GOE spectra with relative weights 1/3 and 2/3, corresponding to the Jϭ1/2 and Jϭ3/2 subspectra. The dashed curve is the Poisson distribution, expected for regular spectra. The experimental resolution corresponds to sϭ0.07, i.e., 7% of the average spacing.
FIG. 4. Intensity distribution for the R 0 lines of Fig. 2 . Note the log-log plot which allows a magnification of the distribution for weak intensities. The smooth curve is the Porter-Thomas distribution, expected for chaotic ͑irregular͒ spectra. The estimated percentage of missed ͑very weak͒ transitions is 4%.
